Protein disulfide isomerase (PDI) is a chaperone protein in the endoplasmic reticulum that is up-regulated in mouse models of, and brains of patients with, neurodegenerative diseases involving protein misfolding. PDI's role in these diseases, however, is not fully understood. Here, we report the discovery of a reversible, neuroprotective lead optimized compound (LOC)14, that acts as a modulator of PDI. LOC14 was identified using a high-throughput screen of ∼10,000 lead-optimized compounds for potent rescue of viability of PC12 cells expressing mutant huntingtin protein, followed by an evaluation of compounds on PDI reductase activity in an in vitro screen. Isothermal titration calorimetry and fluorescence experiments revealed that binding to PDI was reversible with a K d of 62 nM, suggesting LOC14 to be the most potent PDI inhibitor reported to date. Using 2D heteronuclear single quantum correlation NMR experiments, we were able to map the binding site of LOC14 as being adjacent to the active site and to observe that binding of LOC14 forces PDI to adopt an oxidized conformation. Furthermore, we found that LOC14-induced oxidation of PDI has a neuroprotective effect not only in cell culture, but also in corticostriatal brain slice cultures. LOC14 exhibited high stability in mouse liver microsomes and blood plasma, low intrinsic microsome clearance, and low plasma-protein binding. These results suggest that LOC14 is a promising lead compound to evaluate the potential therapeutic effects of modulating PDI in animal models of disease.
Protein disulfide isomerase (PDI) is a chaperone protein in the endoplasmic reticulum that is up-regulated in mouse models of, and brains of patients with, neurodegenerative diseases involving protein misfolding. PDI's role in these diseases, however, is not fully understood. Here, we report the discovery of a reversible, neuroprotective lead optimized compound (LOC)14, that acts as a modulator of PDI. LOC14 was identified using a high-throughput screen of ∼10,000 lead-optimized compounds for potent rescue of viability of PC12 cells expressing mutant huntingtin protein, followed by an evaluation of compounds on PDI reductase activity in an in vitro screen. Isothermal titration calorimetry and fluorescence experiments revealed that binding to PDI was reversible with a K d of 62 nM, suggesting LOC14 to be the most potent PDI inhibitor reported to date. Using 2D heteronuclear single quantum correlation NMR experiments, we were able to map the binding site of LOC14 as being adjacent to the active site and to observe that binding of LOC14 forces PDI to adopt an oxidized conformation. Furthermore, we found that LOC14-induced oxidation of PDI has a neuroprotective effect not only in cell culture, but also in corticostriatal brain slice cultures. LOC14 exhibited high stability in mouse liver microsomes and blood plasma, low intrinsic microsome clearance, and low plasma-protein binding. These results suggest that LOC14 is a promising lead compound to evaluate the potential therapeutic effects of modulating PDI in animal models of disease.
small molecule | protein disulfide isomerase | drug | inhibitor | neuroprotection N eurodegenerative disorders constitute a class of diseases that express characteristic misfolded proteins that aggregate and induce neuronal toxicity and death. Huntington disease (HD) is one such fatal protein misfolding disease that afflicts primarily medium spiny neurons in the striatum. HD is caused by expansion to more than 36 CAG trinucleotide repeats in the huntingtin gene. These CAG repeats translate into an expanded polyglutamine tract in the huntingtin protein, causing it to aggregate, and drive neuronal dysfunction and progressive neuronal loss. Currently, no therapeutic avenue can delay or stop the progression of the disease. In this context, there is a need to develop therapeutics and drug targets that can prevent or delay pathogenesis in neurodegenerative diseases, such as HD, involving protein misfolding.
Previously, it was reported that modulation of protein disulfide isomerase (PDI) by small molecules is beneficial in cell and brain slice models of HD (1) . PDI is a thiol-oxidoreductase chaperone protein that is responsible for the isomerization, reduction, and oxidation of nonnative disulfide bonds in unfolded proteins entering the endoplasmic reticulum (ER). Structurally, PDI consists of four domains with a thioredoxin fold: a, b, bʹ, and aʹ, an extended C terminus with KDEL ER retention sequence, and an interdomain linker x between the bʹ and aʹ domains. The a and aʹ domains are catalytically active, contain the WCGHC active site and independently can perform oxidation and reduction reactions (2) . However, all four domains are needed to achieve the isomerization and chaperone activity of PDI. Besides its catalytic role involving thiols and disulfides, PDI also serves an essential structural role as the β subunit of prolyl-4-hydroxylase (3) and as a microsomal triglyceride transfer protein (4) .
PDI is up-regulated in mouse models of, and in brains of patients with, neurological protein folding diseases (5) (6) (7) . In addition, PDI has also been implicated in a number of cancers (8-10), HIV-1 pathogenesis (11) , and blood clot formation (12), suggesting the growing importance of understanding this enzyme. One challenge has been the lack of available drug-like inhibitors, especially for in vivo evaluation in neurodegenerative disease models. Reported inhibitors of PDI are (i) irreversible binders to the catalytic site cysteines (1, 8, 13) , (ii) not cell permeable, because they were designed for the inhibition of extracellular PDI (14, 15) , or (iii) nonselective hormones and antibiotics, such as estrone and bacitracin, that act broadly on multiple target proteins (15, 16) . Irreversible inhibitors, although having promise in ovarian cancer, have mechanism-based toxicity that is not likely well tolerated in neurons. PDI is an essential protein, whose irreversible genetic silencing is cytotoxic to cells and probably in animal models as well, because no genetic PDI null has been generated. The related PDI A3 (ERp57) protein KO resulted in embryonic lethality in mice (17) . Thus, irreversible inhibitors of PDI may exhibit the same level of cytotoxicity in vivo. We hypothesized that reversible, noncovalent inhibitors of PDI might exhibit a therapeutic window on PDI inhibition and Significance Protein disulfide isomerase (PDI) is a chaperone protein in the endoplasmic reticulum. It is up-regulated in mouse models of, and brains of patients with, neurological protein folding diseases. Irreversible inhibition of PDI activity by the small molecule 16F16 results in protection in cell and organotypic brain slice culture models of Huntington disease. Here, we identified lead optimized compound (LOC)14 as a nanomolar, reversible inhibitor of PDI that protects PC12 cells and medium spiny neurons from the toxic mutant huntingtin protein. LOC14 has improved potency compared with 16F16 and displays favorable pharmaceutical properties, making it a suitable compound to evaluate the therapeutic potential of inhibiting PDI in multiple disease models.
would have improved pharmaceutical properties. Here, we report the discovery of a neuroprotective, reversible modulator of PDI that has nanomolar potency, has high in vitro stability in liver microsomes and blood plasma, and is protective for medium spiny neurons in a brain slice model for HD. This scaffold represents a class of reversible modulators of PDI that can probe its potential as a drug target for neurological diseases with misfolded proteins.
Results
High-Throughput Screen Identifies Small Molecule Inhibitors of PDI.
To identify neuroprotective PDI modulators with attractive pharmaceutical properties, we assembled a library with leadoptimized compounds (18, 19) . Initially, a database of 3,372,615 commercially available small molecules (from Asinex, Life Chemicals, Enamine, TimTec, InterBioScreen, and Chembridge suppliers) was compiled and stringently filtered computationally. The compounds were filtered to adhere to the Lipinski rule of five (20) and a molecular weight minimum of 235; compounds with noxious or reactive properties and water solubility less than 0.5 mM were eliminated. Strong emphasis was placed on compounds suitable for lead development; therefore, potential nonspecific binders that might be acting as cationic and nonionic detergents were removed. Scaffolds with more than five rotatable bonds and topological polar surface area larger than 70 Å 2 were eliminated to improve the likelihood of blood-brain barrier penetration. As a final step, the compounds were clustered based on their Tanimoto coefficient of 0.7 and only a diverse subset was purchased. The final lead optimized compound (LOC) library contained 9,719 unique small molecules.
We used a cascade of two assays, involving both a phenotypic high-throughput screening (HTS) assay and an in vitro PDI reductase assay, to identify neuroprotective PDI-inhibiting compounds. PC12 cells stably transfected with an inducible plasmid for mutant huntingtin protein (21) (mHTT Q103 ) were used for the screen, because they previously showed reliance on PDI inhibition for survival from misfolded mHTT Q103 -induced cell death (1) . Each compound in the LOC library was screened in triplicate at three different concentrations, 4, 1, and 0.25 μg/mL, resulting in nine data points per compound, to maximize the probability of identifying effective compounds. Alamar blue was used as a fluorescent readout for viability after 48 h of compound treatment and mHTT Q103 induction. The overall Zʹ factor for the screen was 0.78 with a signal-to-noise ratio of 165 and coefficient of variation of 5.8%, indicating a robust assay for hit identification (22) . Of 9,719 compounds, 9 compounds rescued PC12 mHTT Q103 cells to at least 45% viability in the primary screen. All of the candidate hit compounds were retested in a twofold dilution series. The viability curves of the eight compounds that reproducibly exhibited >50% viability are shown in Fig. 1A and Fig. S1A . Of these, three compounds had EC 50 values in the nanomolar range; two compounds, LOC14 (EC 50 = 500 nM) and LOC9 (EC 50 = 600 nM) ( Fig. 1A) were more potent than the previously identified irreversible neuroprotective PDI inhibitor 16F16 (EC 50 = 1,500 nM) (1) .
Because neuroprotection of PC12 mHTT Q103 cells can occur via additional pathways other than PDI modulation, e.g., caspase inhibition, the hits from the cell-based assay were screened for inhibition of PDI's reductase activity using insulin and the recombinant catalytic a domain of human PDI A1 (referred to as PDIa), which can perform the same catalytic oxidation and reduction reactions as full-length PDI with one inactive domain (2) . In this insulin aggregation assay (8, 14, 15, 23) , PDIa reduced the two disulfide bonds between the α-and β-chains of insulin, causing the β-chain to aggregate and precipitate, resulting in an increase in absorbance at 650 nm. Of eight hit compounds from the cell culture screen, two, LOC14 and LOC6, were able to almost completely inhibit PDIa enzymatic activity ( Fig. 1B and Fig. S1B ).
At this stage, LOC14 emerged as the most potent small molecule that could both rescue PC12 mHTT Q103 cells and inhibit PDIa reductase activity; we therefore selected LOC14 as a lead compound for further analyses.
LOC14 Binds with Nanomolar Affinity to PDI. To confirm the compound's identity, we resynthesized LOC14 (SI Materials and Methods and Fig. S2 ). The biochemical activity of the resynthesized LOC14 was identical to the commercially obtained compound.
We next investigated the binding mode of LOC14 to PDIa using isothermal titration calorimetry (ITC). ITC measures the heat released or absorbed during a biomolecular interaction. It is a direct analytical method for determining binding and thermodynamic parameters, such as reaction stoichiometry (n), binding constants (K a and K d ), enthalpy (ΔH), entropy (ΔS), and free energy (ΔG), of an interaction.
Calorimetric titration of LOC14 against PDIa showed exothermic binding ( Fig. 2A ) with a dissociation constant (K d ) of 61.7 ± 5.6 nM. The compound titration into buffer alone was subtracted from the raw binding data to account for the heat of dilution. The thermodynamic parameters plot (Fig. 2C , Left) showed that the overall favorable affinity of LOC14 to PDIa is driven by both favorable (negative) enthalpic and entropic contributions. This finding indicates that likely both polar and hydrophobic interactions are contributing to LOC14 binding affinity to PDIa. To test whether the sulfur atom on LOC14 is important for interaction with the protein, we synthesized an isoxazolone analog of LOC14, termed Oxy-LOC14 (SI Materials and Methods) and tested its binding affinity to PDIa. Oxy-LOC14 had 39-fold loss in binding affinity compared with LOC14 and a K d of 2,430 ± 760 nM by ITC ( Fig. 2B ). The thermodynamic parameters plot showed that Oxy-LOC14 had almost complete loss of its enthalpic binding component ( Fig. 2C, Right) . This difference in the thermodynamic signatures due to a single atom, sulfur to oxygen, substitution indicated that the sulfur atom on LOC14 can form favorable interactions with the protein.
LOC14 Is a Reversible Modulator of PDI. The importance of the sulfur atom on LOC14 suggested that it might be binding covalently to the active site of PDIa, which contains two cysteines with reactive thiol groups. To investigate the mode of binding further and to determine whether the binding was reversible or irreversible, we used two separate methods to assess reversibility. First, we analyzed the fluorescence of the LOC14-PDIa complex before and after buffer dialysis. LOC14 has a distinct emission spectrum when excited at 280 nm that is different from the emission of PDIa alone or from the LOC14-PDIa complex (Fig.  S3A ). If LOC14 binds irreversibly to the protein, then we would expect to see the same fluorescence spectrum of the LOC14-PDIa complex before and after dialysis in the dialysis chamber and none in the buffer compartment, assuming the fluorescence of LOC14 is not dramatically altered on binding. LOC14 and PDIa were incubated together overnight (to allow for the maximum binding to occur in the case that LOC14 was a timedependent irreversible binder) and the next day were dialyzed with buffer four times using an Amicon Ultra 10-kDa cutoff size exclusion filtration device. As a control, samples that contained only PDIa or LOC14 were also used. The emission spectrum was recorded of samples from the flow-through and dialysis chamber. In the control samples, the fluorescence of LOC14 alone was observed only in the flow-through fraction, whereas the fluorescence of PDIa alone was only observed in the dialysis compartment ( Fig. S3 B and C) as was expected. Furthermore, their respective emission spectra were identical before and after the buffer exchange. The PDIa-treated LOC14 sample, however, showed different fluorescence profile before and after dialysis ( Fig. S3 B and C) . The emission spectrum in the dialysis chamber resembled the fluorescence spectrum of PDIa and the flowthrough fraction resembled the fluorescence profile of LOC14. These results illustrated that LOC14 binding to PDIa is reversible.
In the second approach, we analyzed the recovery of enzymatic activity of PDIa after dilution of preformed concentrated PDIa-LOC14 complexes. LOC14 (750 μM) was incubated with a concentrated solution of PDIa (500 μM). The mixture was then diluted 100-fold, and PDI's enzymatic activity was measured in the insulin reduction assay. As a control, the same procedure was also performed on the sample containing an irreversible inhibitor 16F16 (16F16 at 750 μM and PDIa at 500 μM). Without dilution, concentrated 16F16 (750 μM; Fig. 3A , green) or concentrated LOC14 (750 μM; Fig. 3B , gray) were both able to inhibit PDI's reduction of insulin. However, after dilution, the samples containing LOC14-PDIa diluted complexes showed complete recovery of PDI's enzymatic activity that lead to insulin reduction and precipitation ( Fig. 3B, blue) . PDI's enzymatic activity was still inhibited, after dilution, in samples that contained 16F16-PDIa diluted complexes (Fig. 3A, purple) . These results illustrated that, unlike 16F16, LOC14 binding to PDIa is reversible.
LOC14 Binds Adjacent to the Active Site and Oxidizes PDI. To identify residues on PDIa involved with the LOC14 interaction, we performed 1 H- 15 On ligand binding, the perturbations in the local environment induce a change in the chemical shift of the resonance peaks. Only the residues that are either involved in the binding site or in the conformational change of the protein on compound binding will be perturbed (24) . Knowing the resonance assignments is beneficial when mapping the binding site from chemical shift perturbation data.
Recovery of PDIa enzymatic activity
The resonance assignments of oxidized PDIa have been previously determined (25) ; however, the resonances for the reduced form of the protein are not known. By matching the conditions reported by Kemmink et al. (25) , we were able to efficiently transfer the assignments of unaltered residues in the oxidized protein to the peaks of 1 H-15 N HSQC spectrum of reduced PDI protein. To validate the assignments, 15 N total correlated spectroscopy-HSQC and 15 N-nuclear Overhauser effect spectroscopy-HSQC were performed (Fig. S4) . These 3D-NMR data were then used to identify the individual spin systems and sequentially assign the reduced PDIa protein (Table S1 ).
The resulting HSQC spectrum with one-to-one molar equivalence ratio (PDIa to LOC14) on LOC14 binding is shown in Fig. 4A . Titrating LOC14 beyond one-to-one (protein:compound) molar ratio resulted in no additional shift changes (Fig.  4B) , indicating that by one molar equivalent, the protein is fully saturated with ligand. This result is consistent with the calculated K d data from the ITC experiments that determined nanomolar affinity of LOC14 for PDIa. The lowest concentration of reduced PDIa that we could use for optimal sensitivity in HSQC experiments was 50 μM and, as this is above the nanomolar K d , we would expect to see one-to-one stoichiometric binding.
Furthermore, the majority of the perturbed peaks initially decreased in peak intensity and then either appeared in a new location or completely disappeared (Fig. 4B ). This behavior suggests slow exchange on the NMR timescale and is indicative of tight binding and conformational change in the protein.
Closer examination of the HSQC spectrum of reduced PDIa liganded to LOC14 revealed that, on compound binding, PDIa adopts an oxidized conformation. This result is evident by the perfect overlay between the HSQC spectrum of oxidized protein alone and the HSQC spectrum of reduced PDIa liganded with LOC14 ( Fig. S5A ). One major difference between these two, however, is seen in residue R80. The resonance peak for R80 is present in the oxidized PDIa HSQC spectrum, but disappears when the reduced PDIa is treated with LOC14. These data are indicative of a protein-ligand interaction. All other residues that disappear on compound treatment such as W35, C36, G37, and H38 also are absent in the oxidized protein HSQC spectrum.
[The residue numbering in this report is based on the sequence of the mature PDI protein, i.e., residue 1 of the mature PDI corresponds to residue 18 in the full-length PDI. The first 17 amino acids in full-length PDI are the signal sequence that is processed out to generate the mature PDI.] Mapping the residues with the most significant chemical shift change (Fig. 4C ) and residues that disappear on compound titrations to the structure of PDIa, illuminated a small area between the active site and R80 (Fig. 4D) . The few residues not localized to this pocket, e.g., L12, K14, Y26, and N90, are involved in the conformational change of the protein on ligand binding.
Calorimetric titration of LOC14 against oxidized PDIa showed a loss in binding affinity (compared with LOC14 titration into reduced PDIa; Fig. S5B ). These data indicate that the presence of free cysteine thiols on PDIa is important for the tight interaction with LOC14. Additionally, this reinforces that the observed HSQC shifts that reflect oxidative conformational change in PDIa are due to LOC14 binding.
LOC14 Binds to a Different Site Than 16F16. Based on the mapped binding site from the NMR studies and the fact that sulfur atom was essential to retain tight binding of LOC14 to the protein, we next examined whether LOC14 was binding to the two cysteines in the protein, C36 and C39, both in the active site.
Previously, 16F16 was reported to function as an irreversible inhibitor of PDI A1 and PDI A3 proteins (1) . The compound 16F16 contains a chloroacetyl group that covalently modifies free cysteine thiols. To confirm the likely covalent nature of the interaction and identify the cysteines on PDIa modified by 16F16, LC-MS/MS fragmentation was performed. Compound 16F16 selectively bound to the only cysteines in the PDIa protein, and it was able to covalently modify both C36 and C39 ( Fig. 5 A-C) . To test whether LOC14 bound to the same active site cysteines as 16F16, PDIa was preincubated with 16F16 overnight and then analyzed by ITC on LOC14 titrations. After pretreatment, the two thiols in the active site would be irreversibly bound to 16F16 and not be available for LOC14 interaction. ITC data showed that the binding affinity was reduced with 16F16 pretreatment but not completely obliterated (Fig. 5D ). Additionally, the thermodynamic parameters plot (Fig. 5E ) showed a different mode of binding than when the protein was treated with LOC14 alone (Fig. 2C) . Even though the overall ΔG of binding was favorable (negative), there was a large entropic penalty (positive ΔS) when LOC14 bound, most likely due to the conformational change in the protein. This result suggests that the protein adopts one conformation when 16F16 is bound to the active site cysteines, most likely one that minimizes the steric clash of having such a bulky group. Then, on LOC14 binding, the protein is forced into another conformation, one that resembles its oxidation state, but paying the cost of unfavorable entropy.
GSSHHHHHH SSGLVPRGSH MDAPEEEDHV LVLRKSNFAE ALAAHKYLLV EFYAPWCGHC KALAPEYAKA AGKLKAEGSE IRLAKVDATE ESDLAQQYGV
The different mode of binding to PDIa between these smallmolecule modulators is also supported by NMR 1 H-15 N HSQC data (Fig. 5F ). PDIa treated with 16F16 displays a different protein conformation, seen by the different chemical shift changes, than when LOC14 is bound to PDIa.
LOC14 Can Protect Medium Spiny Neurons from Neurotoxicity
Induced by Mutant Huntingtin Protein. Having elucidated aspects of the biophysical mechanism of action of LOC14 binding to PDI, we explored whether LOC14 would be a good candidate for in vivo studies. We first examined its activity in an organotypic postnatal brain slice model for HD focusing on the medium spiny neurons (MSNs) of the striatum (26) . MSNs are the first population of neurons to degenerate in patients with HD and are the most vulnerable to the toxicity associated with mutant huntingtin dysfunction. Rat corticostriatal brain slice explants were cotransfected with yellow fluorescent protein (YFP) and the first exon of mutant HTT (mHTT-Q73) to induce neurodegeneration and then treated with LOC14. In the absence of LOC14, very few healthy MSNs remained, as assessed by the lack of normal sized and shaped cell bodies, absence of long primary dendrites, and lack of continuous expression of YFP throughout the cell (Fig. 6 ). Compound LOC14 rescued MSNs in a concentration-dependent manner, even at low micromolar concentrations (Fig. 6 ). This result indicated that LOC14 oxidation of PDI is neuroprotective in both cell culture and brain tissues.
LOC14 Is Metabolically Stable Compound for In Vivo Studies. Next, metabolic in vitro stability studies were performed with LOC14 to determine its suitability for in vivo studies. LOC14 showed high stability in mouse liver microsomes, had a low intrinsic clearance value of less than 0.5 mL/min/g, and had a half-life of more than 90 min (Table S2 ). This result indicates that LOC14 is not metabolically reactive with liver enzymes such as cytochrome P450s and may have a suitably long half-life in vivo. LOC14 was also relatively stable in mouse plasma with a half-life of 2.4 h (Table S3 ). Furthermore, low binding was observed between LOC14 and the plasma proteins (Table S4 ), indicating that in vivo, the bulk of LOC14 is free to be distributed to tissues to exert pharmacological effects.
In Vivo Pharmacokinetic Study with LOC14. Showing promising in vitro metabolic properties, LOC14 was tested in a single-dose pharmacokinetic (PK) study. This was a pilot study to evaluate the ability of LOC14 to traverse the blood-brain barrier (BBB). In this study, LOC14 was administered via two routes, i.v. (Fig. 7A ) or orally (Fig. 7B) , at a single-dose of 20 mg/kg to WT C57BL/6j mice. Data from the PK study showed that LOC14 was well tolerated at high dose of 20 mg/kg, penetrated the BBB, and accumulated at reasonable concentrations in the brain regardless of the administration route ( Fig. 7 A and B) .
Discussion
In this study, we identified and characterized LOC14 as the first reversible, neuroprotective, nanomolar inhibitor of PDI. We found that LOC14 reversibly binds to a region adjacent to the active site of PDI, induces the protein to adopt an oxidized conformation, and inhibits its reductase activity. A possible mechanism of inhibition is shown in Fig. S6 . We found that the oxidation of PDI by LOC14 is protective in PC12 cells and in MSNs that degenerate from transfected mutant huntingtin protein expression. Furthermore, LOC14 displayed high in vitro metabolic stability in mouse liver microsomes and blood plasma and penetrated the BBB in vivo, making it a promising candidate for in vivo mouse studies of PDI's role in protein misfolding diseases.
This study is the first report, to our knowledge, that oxidation of PDI is neuroprotective. One possible explanation has to do with PDI's binding protein ER oxidoreductin 1 (Ero1). During protein folding, PDI cycles between oxidized and reduced disulfide states. When it forms a disulfide bond with a substrate protein, its own catalytic site becomes reduced. In vitro, PDI can be oxidized by GSSG, but in vivo the protein Ero1 is needed to accomplish this task. Ero1 is a flavin-adenine-dinucleotide-(FAD)-bound protein that takes electrons from reoxidized PDI and passes them onto molecular oxygen as a terminal acceptor, in the process creating hydrogen peroxide and thus generating reactive oxygen species (ROS). By oxidizing PDI with LOC14, Ero1 can be bypassed, reducing the generation of ROS and hence providing neuroprotection. This conclusion is consistent with previous findings that reported that overexpression of PDI is toxic in neuron-like PC12 cells, but can be protected from this overexpression toxicity with the irreversible PDI inhibitor 16F16 (1). By increasing the level of PDI production, one would increase Ero1 oxidation of PDI, leading to increased ROS generation. It is possible that irreversible PDI inhibitors covalently bind to the active site cysteines, prevent the Ero1-PDI interaction, and thus prevent oxidation.
To our knowledge, this is the first compound reported to date that binds reversibly to PDI with low nanomolar affinity and causes protection in neuronal cells and tissue. Inhibition of PDI activity causing neuroprotection has not been validated yet in in vivo mouse models of neurodegeneration, due to the lack of drug-like inhibitors with low cytotoxic properties. Previously reported PDI inhibitors that are cell permeable bind covalently and irreversibly to PDI. Ultimately, this type of binding completely inactivates the protein, can be nonselective, and can result in haptenization, causing unpredicted idiosyncratic toxicity from the immune system in vivo, leading to liver failure and blood disorders. The reversible modulation of PDI with LOC14 overcomes these challenges. LOC14 forms covalent, but reversible, bonds with the protein, ultimately acting like a noncovalent inhibitor (because of its potent, but reversible, effects on the protein). Thus, in vivo, LOC14 may not result in idiosyncratic toxicities. Furthermore, LOC14 showed high stability in liver microsomes and blood plasma, was tolerated at a high dose of 20 mg/kg in mice, and penetrated the BBB in vivo, making it a promising candidate for future in vivo work.
We used the catalytic a domain of PDI A1 as a prototype of the redox reactions that the PDI family of proteins catalyze. The N-terminal cysteine of the a domain in PDI A1 is less reactive than the N-terminal cysteine of the aʹ domain of PDI A1, and both have lower hyperactivity than the catalytic cysteines in PDI A3 (ERp57). Thus, it is very likely that LOC14 will react and oxidize both catalytic domains of PDI A1 and PDI A3. Previously, it was reported that both PDI A3 and PDI A1 proteins (1) (and possibly PDI A4 and PDI A6) (13) were the target of 16F16. Because numerous PDI family members reside in the ER and their distinct roles are still unclear, it is possible that modulation of the whole family by LOC14 is neuroprotective.
In summary, we identified a previously unidentified scaffold, LOC14, for reversible inhibition of PDI's reductase activity. This compound, although targeting similar residues of PDI as the irreversible inhibitor 16F16, forces the protein to adopt a different conformation that resembles the native oxidized form. LOC14 has improved solubility, potency, and in vitro metabolism properties compared with other reported PDI inhibitors, and it protects neuron-like PC12 cells as well as bona fide striatal MSNs from mutant huntingtin toxicity. Validating PDI as target for neurodegenerative disorders may open new therapeutic strategies to treat and understand these diseases.
Materials and Methods
LOC Library. The LOC library was assembled as described previously (19) . Briefly, structures of 3,372,615 commercially available compounds from six suppliers (Asinex, Life Chemicals, Enamine, TimTec, InterBioScreen, and Chembridge) were compiled into one database and stringently filtered computationally for optimized lead-like properties. The final library totaling 9,719 diverse compounds was purchased, dissolved in DMSO at 4 mg/mL, formatted into 384-well mother plates, and stored frozen at −80°C.
Enzymatic Insulin Reduction Assay. The assay was carried out in a 384-well black, clear bottom plate. Each well contained 80 μL of the reaction mixture in buffer A (10 mM Tris·HCl, pH 8, 150 mM NaCl, and 2 mM EDTA) with 5 μM PDIa, 100 μM bovine insulin, 350 μM DTT, and 75 μM test compound. All experiments were done in duplicate. The assay plate was incubated at 25°C for 1 h, and then the absorbance at 650 nm was read on a Tecan Infinite 200 microplate reader for each sample consecutively at 5-min intervals for 1 h. Increase in absorbance is indicative of insulin's β-chain aggregation and precipitation out of solution. 
